Refractive indices of Al x Ga 1Ϫx N with different Al concentrations have been measured in infrared wavelength regions. Single-mode ridged optical waveguide devices using GaN/AlGaN heterostructures have been designed, fabricated, and characterized for operation in 1550 nm wavelength window. The feasibility of developing photonic integrated circuits based on III-nitride wide-band-gap semiconductors for fiber-optical communications has been discussed.
InP-based AWG devices have so far not become commercially competitive.
III-nitride wide-band-gap semiconductor materials have attracted much attention in recent years. 6, 7 In addition to emitting in UV/blue wavelength region, III-nitride optoelectronic devices are able to operate at high temperatures and high power levels due to their mechanical hardness and larger band offsets. Research in III nitrides has so far been focused on their applications in blue/UV wavelength regions. Their optical characteristics and potential applications in infrared for optical communications remain largely unknown. In this letter, we propose to make functional optical waveguide devices using GaN/AlGaN semiconductor materials and explore their potential applications in infrared wavelength regions for fiber-optic communications.
In order to design guided-wave optical devices, the knowledge of material refractive indices in the operating wavelength region is essential. Due to the unavailability of experimental data in infrared, we have conducted the refractive index measurements for Al x Ga 1Ϫx N with different Al molar fractions. In order to perform this measurement, a number of samples of Al x Ga 1Ϫx N films were grown by metalorganic chemical vapor deposition ͑MOCVD͒ on sapphire substrates. The films thickness range from 1.1 to 1.5 m and Al molar fractions range from xϭ0.1 to xϭ0.7. 8 To evaluate the refractive index of each film, optical transmission spectra were measured. Due to the Fabry-Perot ͑FP͒ interference caused by the two facets of the film ͑one facet is between Al x Ga 1Ϫx N and the air and the other facet is formed between Al x Ga 1Ϫx N and sapphire͒, optical transmission efficiency is wavelength dependent. With the knowledge of the film thickness, the film refractive index can be obtained by best fitting the measured optical transmission spectrum to a well-known FP transmission equation. Figure 1͑a͒ shows the measured refractive indices of Al x Ga 1Ϫx N versus wavelength for several different Al molar fractions. The continuous curves in the same figure were numerical fittings by using the first order Sellmeier dispersion formula:
The coefficients for best fitting are displayed in Fig. 1͑a͒ and their variations versus Al molar fraction x are shown in Fig.  1͑b͒ . Since we are mostly interested in the refractive indices in 1550 nm wavelength window, this information can be collected from Fig. 1 and the following polynomial expression is obtained for the Al molar fraction ͑x͒ dependence of the refractive index at 1550 nm wavelength:
The monotonic decrease of Al x Ga 1Ϫx N refractive index with the increase of Al molar fraction x makes the design of single-mode optical waveguide devices straightforward. We used beam-propagation method ͑BPM͒ simulation tools to design single-mode optical waveguide devices. sapphire substrate and a 3-m-thick GaN film was deposited on top of the Al x Ga 1Ϫx N layer and then the optical waveguide structures were formed by photolithographic patterning and inductively coupled plasma ͑ICP͒ dry etching. 9 According to the design, the etching depth is controlled at ϳ2.8 m and the Al molar fraction x is about 3%. As an example, Fig. 3 shows a typical 2ϫ2 waveguide coupler fabricated with this process. The power splitting ratio of this particular coupler was designed to be 3 dB.
To characterize the waveguide samples, a fiber-optic setup operating in the 1550 nm wavelength region was used. Optical coupling at the input and the output of the waveguide was accomplished by using tapered single-mode fibers with 6-m-working distance and 2.5-m-spot size of the focus. Each tapered fiber end was mounted on a five-dimensional precision positioning stage to optimize the optical coupling efficiency. A tunable laser diode was used as the light source and an optical power meter was used to measure the optical power that passes through the waveguide. Figure 4 shows the measured optical power versus the horizontal position of the tapered output fiber probe. In this measurement, the input fiber probe was aligned with one of the two input ports of the waveguide coupler. This figure clearly shows an ϳ50% power splitting realized by this GaN/AlGaN waveguide coupler and thus validated our original design. In order to evaluate the loss of the waveguide, we have measured a 1.395-mm-long straight waveguide. Although the total fiber-tochip-to-fiber loss is ϳ13 dB, the coupling loss between fiber and waveguide is a major contributor. Our experiment was based on the measurement of FP interference caused by the Fresnel reflections of the two end facets of the waveguide. This excluded the uncertainties due to optical coupling efficiencies at the input and the output of the waveguide. An erbium-doped fiber amplifier ͑EDFA͒ without optical signal input was used in this measurement which provides a wideband amplified spontaneous emission ͑ASE͒. An optical spectrum analyzer was used to measure the ASE optical spectrum after it passes through the optical waveguide sample. The solid points in Fig. 5 show the measured optical spectrum which was normalized such that the average power spectral density is at 0 dB. The continuous line in the same figure was calculated by using the normalized FP transmission equation:
where Lϭ1.395 mm is the waveguide length, Rϭ͓(n core Ϫ1)/(n core ϩ1)͔ 2 ϭ16.02% is the power reflectivity of the waveguide end surface, 0 is an initial phase which can be determined by the best fitting between the measured and the calculated spectrum, and A is the single-pass power attenuation through the waveguide. n eff is the effective index of the waveguide. Since the refractive indices for the core and the cladding are n core ϭ2.335 and n cladding ϭ2.275, respectively, with the waveguide geometry shown in Fig. 2 , the effective index can be determined as n eff ϭ2.315 through a BPM simulation. To obtain the best fitting to the measured spectrum as shown in Fig. 5 , Aϭ4.8 dB was used. Giving the waveguide length of 1.395 mm, this gives a waveguide loss coefficient of ϳ34.4 dB/cm. It is worth mentioning that in sample preparation, the cleaved waveguide end facets are not ideally flat nor are they exactly perpendicular to the waveguide axis, therefore, the effective facet reflectivity is less than 16.02%. Due to this reason we expect that the actual attenuation of the waveguide should be significantly less than 4.8 dB. Other optical loss mechanisms such as scattering at the waveguide edge can be further reduced by improving the etching process.
So far, the most popular application of III-nitride semiconductor materials is light emission in UV/blue wavelength regions. Their applications for optical emission in infrared have been investigated by exploring the effect of intersubband transitions in GaN/AlGaN multiple quantum well structures. 10 Here we would like to point out another possible application of III nitrides for realizing switchable photonics integrated circuits. Optical emission in the GaN/AlGaN waveguide has been demonstrated in UV wavelength regions by carrier injection. However, in infrared, which is far from the material band gap, both optical gain and absorption in GaN/AlGaN waveguide are expected to be negligible. Therefore, the material is essentially transparent in the optical communication wavelength windows around 1550 nm. On the other hand, the material refractive index is a function of carrier density, and therefore, through carrier injection, the refractive index can be modulated. This index-controllable nature of GaN/AlGaN heterostructures waveguide makes them an ideal candidate for optical phasors, 11 such as MachZehnder modulators and AWGs. GaN has a much smaller refractive index (nϷ2.3) and potentially lower optical absorption compared to InP. In addition, carrier-induced refractive index change is independent of the state of signal polarization. This is superior to LiNbO 3 -based optical devices where polarization-dependent electro-optic effect is used. A switchable optical phasor array can be used as an optical switch or wavelength router. Because of the sub-nanosecond carrier lifetime in GaN and AlGaN ͑Ref. 12͒ and therefore the fast switching speed, optical packet switch will be made possible.
In summary, we have proposed the applications of IIInitride wide-band-gap semiconductors for fiber-optic communications in the infrared spectral region. We have demonstrated the feasibility of achieving functional waveguide optical devices using GaN/AlGaN heterostructures. In particular, a 3-dB-GaN/AlGaN heterostructures optical waveguide coupler has been designed, fabricated, and characterized. The possibility of developing photonic integrated circuits based on III-nitride wide-band-gap semiconductors for fiber-optical communications has been discussed.
